Abstract-This paper presents a low-cost patternreconfigurable microstrip antenna. The proposed design strategy uses a slotted patch antenna on a bi-layer structure as basic element of a switched parasitic array. Reconfigurability is obtained by means of PIN diodes used to vary the resonance frequency of the parasitic patches. Experimental results referring to a prototype consisting of an array of three elements optimized for the Ultra High Frequency (UHF) band of Radio Frequency IDentification (RFID) systems are presented and discussed. It is demonstrated that the proposed antenna exhibits a main beam that can be reconfigured into three different directions.
INTRODUCTION
Reconfigurable antennas and devices [1] [2] [3] [4] [5] [6] [7] [8] [9] represent a key technology for improving the performance of wireless communication systems. Accordingly, several design strategies for achieving reconfigurabilty in terms of one or more antenna parameters (i.e., operating frequency, polarization, etc.) have been proposed in the literature [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . Among these, antennas with a reconfigurable radiation pattern are of great interest due to their positive impact on network capacity and reliability by reducing interference problems and maximizing signal-to-noise ratio. To this regard, particularly attractive are Switched Parasitic Arrays (SPAs). In fact, differently from adaptive arrays [17] [18] [19] , SPAs do not require multiple and/or reconfigurable RF channels: the pattern reconfigurability is obtained by loading the active antenna with reconfigurable parasitic elements [20] . As a consequence, SPAs are suitable to be implemented at a lower cost and smaller size, thus representing an excellent candidate to be used in mobile terminals/nodes and low-cost applications.
The first SPAs proposed in the literature, were three-dimensional structures using monopoles [21] [22] [23] . More recently, some low-profile devices have been proposed [24] [25] [26] .
In this paper the use of a slotted microstrip patch antenna as basic element of an SPA is investigated. The pattern reconfigurability is implemented by means of PIN diodes used to vary the length of the slot on the diagonal of the parasitic patches. A prototype consisting of an array of three elements optimized for the UHF band of RFID systems [27] [28] [29] [30] [31] [32] [33] has been realized and characterized. From experimental data, it is demonstrated that the device here presented is able to reconfigure the main beam direction in the H-plane. The main advantages related to the proposed approach are: a low profile, low-cost, high values of the directivity, the possibility of using design strategies commonly adopted for microstrip patch antennas to obtain compact dimensions and to govern the antenna polarization [10, 32, [34] [35] [36] .
SWITCHED PARASITIC ARRAY: DESIGN STRATEGY
The general architecture of an SPA is illustrated in Fig. 1 . The basic idea is to load the active antenna with parasitic elements. Reconfigurability is obtained by using PIN diodes or variable reactive loads (such as varactors) to reconfigure the resonance frequency of the parasitic antennas.
The idea here suggested consists in using a compact patch antenna as basic element of the array (see Fig. 2 ). More details about the design process of the active and parasitic patches are given in the following part of this section. 
Active Patch Design
The patch used as active element of the proposed SPA is illustrated in Fig. 2(c) . It is positioned on a bi-layer consisting of a single-sided copper clad FR4 laminate (ε r = 3.7, tan(δ) = 0.019, thickness = 1.6 mm) and a poliver layer (ε r = 2.5, tan(δ) = 0.01, thickness = 2 mm); the ground plane was realized by means of adhesive copper (thickness = 0.36 mm). As for the patch geometry, in order to obtain an elliptical polarization and compact dimensions, a rectangular slot and four t-shaped slits were applied to the patch diagonal and to the patch boundary [37] , respectively. Fig. 3 compares the reflection coefficients of a simple square patch with the ones corresponding to the same patch with: a slot on the diagonal (see Fig. 2(a) ), a slot on the diagonal and rectangular slits on the edges (see Fig. 2(b) ), a slot on the diagonal and t-shaped slits on the edges (see Fig. 2(c) ). It can be seen that, with respect to a conventional patch, the combined use of a slot on the diagonal and t-shaped slits allows to obtain a size reduction. In fact from Fig. 3 it can be noticed that, with respect to a conventional square patch, the geometry illustrated in Fig. 2 (c) exhibits a lower frequency of resonance. More specifically, the size reduction is of about 11%. All parameters of the patch geometry illustrated in Fig. 2 (c) were optimized for operation at 866 MHz. The full-wave simulator CST Microwave Studio and proprietary tools [38] [39] [40] [41] [42] were used for optimizations; the dimensions of the final geometry calculated this way are given in Table 1 . Figure 4 (a) shows a photograph of the realized prototype; the measured reflection coefficient is given in Fig. 4 (b) and compared with numerical data. The patch exhibits a bandwidth of about 20 MHz (|S 11 | < −10 dB in the frequency range 853.6-873 MHz). As for the radiation properties, numerical results are illustrated in Fig. 5 ; the patch has a broadside radiation pattern with a maximum of the gain of about 5 dBi. According to Fig. 4(b) , where it can be seen that the operating frequency of 866 MHz is between the resonance frequencies of the two orthogonal modes due to the presence of the diagonal slot, (a) (b) Figure 5 . Numerical results calculated for the radiation properties of the patch illustrated in Fig. 4(a) .
the patch has an elliptical polarization with an Axial Ratio (AR) of about 4 dB (see Fig. 5 ).
Parasitic Patch Design
The approach used to reconfigure the radiation pattern of the active patch presented in the previous part of this section is the one suggested in [25] , where a switchable Yagi-Uda antenna is proposed. More in details, in [25] the main beam direction of a planar three elements array is switched by using two parasitic dipoles with reconfigurable length. This way, the antenna behaves as a Yagi-Uda antenna in which the dipole working as a director and the one working as a reflector can be exchanged. Similarly, the idea here suggested is to switch the main beam direction of the active patch by means of parasitic patches with a reconfigurable operating frequency so that they can work as reflector or director. More specifically, the reconfigurability of the resonance frequency of the parasitic patches was obtained by means of four PIN diodes switches (the HMPP-389X diodes by Avago R ) used to vary the length of the slot on the diagonal (see Fig. 6 ). The values of the geometric parameters (see Fig. 6 ) of the slot on the parasitic patch assumed as starting point of the SPA design were:
where w slot and l slot are the dimensions of the slot of the active patch given in Table 1 .
Referring to Fig. 6 , the off-state of the switches corresponds to larger dimensions of the slot (l r × w r ) and then to a lower frequency of resonance, while the on-state corresponds to smaller dimensions of the slot (l d × w d ) and then to a higher frequency of resonance. In fact, the operating frequency of a slotted patch depends on the slot length and it lowers as the slot length increases. This is highlighted in Fig. 7 where full-wave simulation results obtained for the geometry of the parasitic patch illustrated in Fig. 6 are shown. More specifically, the reflection coefficients calculated for the two useful configurations of the switches, corresponding to the reflector (all switches in the off-state) and to the director configuration (all switches in the on-state), are given and compared with the reflection coefficient of the active patch. As expected, it can be noticed that, when the parasitic patch is in the reflector configuration, the Figure 7 . Comparison between the reflection coefficient corresponding to the active patch and the ones calculated for the parasitic patch in the reflector and director configuration. Referring to the geometry of the parasitic patch illustrated in Fig. 8 , the director configuration is the one corresponding to the four diodes in the on-state; while the reflector configuration is the one corresponding to the four diodes in the off-state.
resonance frequencies of the two orthogonal modes associated to the slot move away from each other and shift toward lower frequencies. Conversely, when the patch is in the director configuration, the resonance frequencies of the two orthogonal modes become closer and shift toward higher frequencies.
It is worth underlining that, thanks to the use of slotted patches instead of dipoles, with respect to the approach presented in [25] , the one suggested in this paper allows to obtain higher values of the gain and an elliptical polarization [10] .
SWITCHED PARASITIC ARRAY: EXPERIMENTAL AND NUMERICAL RESULTS
As a proof of concept of the SPA design strategy proposed in this paper, a mono-dimensional array consisting of three elements was optimized and realized. Photographs of the realized prototype are given in Fig. 8 . The use of three elements corresponds to three useful configurations:
1) the parasitic patch on the left and on the right configured so to work as a reflector and a director, respectively (RAD configuration); 2) the parasitic patch on the left and on the right configured so to work as a director and a reflector, respectively (DAR configuration);
(a) (b) Figure 8 . Proposed SPA: (a) photographs of the realized threeelement prototype and (b) experimental setup used for scattering parameters measurements.
3) both the parasitic patches configured to work as a reflector (RAR configuration).
The RAR configuration was preferred to the DAD one (DirectorActive Director) because from full-wave simulations it seemed more suitable to obtain a broadside radiation pattern.
The final geometry was the result of full-wave optimizations of the dimensions of the slot on the parasitic patches and of the distance between the array elements. The goals of optimizations were: a) to maximize and make symmetric the tilt with respect to the broadside direction of the main lobe direction corresponding to RAD and DAR configurations, b) to achieve in all configurations a good level of matching and an elliptical polarization at 866 MHz. The dimensions of the final geometry obtained this way are summarized in Table 1 . Measurements of the reflection coefficient corresponding to the three possible configurations were performed by using the experimental setup illustrated in Fig. 8 and verified by means of a Time Domain Reflectometry approach [42] [43] [44] [45] [46] [47] [48] . Results obtained this way were in a perfect agreement; they are summarized in Fig. 9 and compared with numerical data. It can be seen that at 866 MHz values of the reflection coefficient lower than −1 dB were obtained in all configurations.
Experimental data obtained for radiation patterns in the H-plane are illustrated in Fig. 10 ; the directivity is of about 6 dBi in all configurations. In the H-plane, the main lobe direction is at −30 • in the DAR configuration, at 0 • in the RAR configuration and at +30 • in the RAD configuration. Figure 9 . Experimental data of the reflection coefficient of the prototype shown in Fig. 8 . Measurements were performed for each of the three possible configurations of the array by using the experimental setup illustrated in Fig. 8 .
The dependence on the properties of the patch substrate (electric permittivity and thickness) of these results was also investigated by means of full-wave simulations. Fig. 11 summarizes results obtained for the case of a substrate consisting of: 1) a single layer of FR4 laminate with a thickness of 4 mm, 2) a single layer of poliver with a thickness of 4 mm. It has been verified that both the use of a thinner substrate and a substrate with higher values of the electric permittivity result in smaller values of the tilt with respect to the broadside direction of the main lobe corresponding to RAD and DAR configurations. In fact, from numerical data the tilt was ±10 • and ±40 • for an FR4 and a poliver substrate, respectively.
Finally, the possibility to extend to five the number of possible configurations by using a bi-dimensional array was studied. More specifically, we investigated the two SPAs illustrated in Fig. 12 corresponding to the alignment of the parasitic patch along the active patch diagonals (see Fig. 12(a) ) and to the E-/H-plane of the active Figure 12 . Application of the proposed approach for designing bidimensional arrays: investigated configurations and numerical results calculated for the radiation patterns.
patch (see Fig. 12 (e)). In both cases, configurations used to obtain a tilt of the main lobe direction with respect to the broadside direction were obtained by setting three of the four parasitic patches as reflectors and only one as director. Corresponding results are given in Fig. 12 ; the SPA illustrated in Fig. 12 . It is worth underlining that these results were obtained by using for the parasitic patches the dimensions calculated for optimum operation of the monodimensional array. As a consequence, results given in Fig. 12 could be improved by optimizing the parasitic patches so to make symmetric the tilt which corresponds to the useful configurations of the SPA.
CONCLUSION
A switched parasitic array based on the use of a compact slotted microstrip patch has been proposed. Reconfigurability of the radiation pattern is obtained by varying the length of the slot on the parasitic patches by means of four PIN diodes. Experimental data referring to a prototype consisting of an array of three elements have been presented and discussed. It is demonstrated that the proposed array has a main beam direction that can be switched in the H-plane through three different configurations. Numerical data demonstrating the suitability of the proposed approach to be applied to obtain a larger number of possible configurations have been also reported.
